Phagocytosis of malarial pigment hemozoin inhibits NADPH-oxidase activity in human monocyte-derived macrophages  by Schwarzer, Evelin & Arese, Paolo
ELSEVIER Biochimica et Biophysica Acta 1316 (1996) 169-175 
BB 
Bioehi ~mic~a et Biophysica A~ta 
Phagocytosis of malarial pigment hemozoin inhibits NADPH-oxidase 
activity in human monocyte-derived macrophages 
Evelin Schwarzer a,b Paolo Arese a,* 
a Dipartimento di Genetica, Biologia, Chimica Medica, Universita' di Torino, Via Santena 5 bis, 10126 Torino, ltah' 
b lnstitutf~r Biochemie, Humboldt-Unicersiti'~t, Berlin, Germany 
Received 5 March 1996; accepted 20 March 1996 
Abstract 
Upon stimulation, inactive subunits of monocyte NADPH oxidase (NOX) are assembled in the membrane to generate the active 
enzyme responsible for oxidative burst. Phosphorylation of the 47 kDa NOX cytoplasmic subunit (47 kDa band) by protein kinase C 
(PKC) is important for NOX assembly and activation. Alternatively, NOX is activated in vitro by sodium dodecyl sulfate (SDS) or 
amphiphiles via a phosphorylation-independent mechanism. Previous data indicate that phagocytosis of malarial pigment hemozoin 
inhibits oxidative burst and PKC activity (Schwarzer, E., Turrini, F., Giribaldi, G., Cappadoro, M. and Arese, P. (1993) Biochim. 
Biophys. Acta, 1181, 51-54). We show here that SDS-stimulated NOX activity and phorbol 12-myristate 13-acetate (PMA)-induced 
oxidative burst dropped by 54% and 46% of control values 2 h after hemozoin phagocytosis, respectively. SDS-stimulated NOX activity 
remained roughly constant until 12 h, whereas oxidative burst dropped further by approx. 60% and 75% of control values 6 h and 12 h 
after hemozoin phagocytosis. Reconstitution experiments indicate that damage was localized to cytosolic NOX subunit(s). Membrane 
assembly of active NOX was defective in PMA- (PKC-dependent s imulation) and FMLP- (PKC-dependent and independent s imulation) 
stimulated hemozoin-fed monocytes. Labeling experiments with [32p]orthophosphate or [',/-32P]ATP showed that endogenous PKC-de- 
pendent phosphorylation of the 47 kDa band was unaffected 12 h and impaired only 24 h after hemozoin phagocytosis. Thus, only 
long-term inhibition of NOX may additionally depend on superimposed PKC inhibition. 
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I. Introduction 
Human monocytes phagocytose erythrocytes parasitized 
with hemozoin-containing forms of P. falciparum 
(trophozoites and schizonts) and isolated malarial pigment 
hemozoin [1,2]. Phagocytosis of hemozoin (host 
hemoglobin ferriprotoporphyrin IX associated with pro- 
teins and lipids of parasite and erythrocyte origin [3-5]), 
and consequent liberation of small amounts of iron [2] and 
toxic products of lipoperoxidation (Schwarzer, E., unpub- 
lished) impairs monocyte functions, such as phorbol 12- 
myristate-13-acetate (PMA)-stimulated oxidative burst 
[2,6]. Oxidative burst depends on production of superoxide 
anion radicals by activated NADPH oxidase (NOX). NOX 
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consists of membrane-associated cytochrome b558 which 
binds FAD and NADPH, and cytosolic components (a 
47-kDa band, p47-phox; a 67 kDa band, p67-phox; Rac-re- 
lated GTP-binding proteins). Upon cell stimulation by, 
e.g., PMA, cytosolic components assemble with the mem- 
brane-associated cytochrome b558 and generate the active 
form of NOX (see [7-9] for reviews). Induction of oxida- 
tive burst by PMA, a well-known activator of protein 
kinase C (PKC) [10], is accompanied by multiple phospho- 
rylations of serine residues on the 47 kDa cytosolic NOX 
subunit [11]. Alternatively, NOX can be activated in cell 
lysates by addition of sodium dodecyl sulfate (SDS) or 
other amphiphiles [12] via a phosphorylation-independent 
mechanism. 
Previously observed inhibition of oxidative burst and of 
membrane-associated PKC in hemozoin-fed monocytes 
[2,13] prompted this study aimed at elucidating the effect 
of hemozoin phagocytosis on PKC-dependent and PKC-in- 
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dependent NOX activity. Our results indicate that oxida- 
tive burst and SDS-stimulated, PKC-independent NOX 
activity were severely inhibited already 2 h after hemozoin 
phagocytosis. Reconstitution experiments localized dam- 
age to cytosolic NOX subunit(s). Contrary to expectations, 
endogenous PKC-dependent phosphorylation f the 47 kDa 
cytosolic band was unaffected 12 h after hemozoin phago- 
cytosis, and impaired only after 24 h. Thus, only long-term 
inhibition of NOX seems to be additionally accounted for 
by superimposed PKC impairment. 
2. Materials and methods 
2.1. Materials 
Carrier-free [32p]orthophosphate nd [3,-3~-P]ATP were 
from Amersham. Electrophoresis material was from Bio- 
rad. Purified PKC from rat brain, aprotinin, leupeptin, 
pepstatin and calphostin were from Boehringer Mannheim. 
Ficoll and Percoll were from Pharmacia. Bovine serum 
albumin (Type V) (BSA), FAD, ferricytochrome c, ethy- 
lene glycol bis(beta-aminoethyl etber)-N,N,N',N'-tetra- 
acetic acid (EGTA), N-formyl-L-methionyl-L-leucyl-L- 
phenylalanine (FMLP), 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulfonic acid (Hepes), 5-amino-2,3-dihydro-l,4- 
phthalazinedione (Luminol), NADPH, phorbol 12-myri- 
state 13-acetate (PMA), phenylmethylsulfonyl fluoride 
(PMSF), RPMI 1640 and ISCOVE-MEM medium, sodium 
dodecylsulfate (SDS), superoxide dismutase (SOD) were 
from Sigma. Sterile plastics were from Costar. All other 
chemicals were of highest purity and were purchased from 
common commercial sources. 
exchange was allowed by perforating the tube lid with a 
sterile needle. 
2.3. Separation, opsonization and phagocytosis of hemo- 
zoin 
Hemozoin was separated from P. falciparum cultures 
as indicated [2]. Washed and resuspended hemozoin (5 mg 
protein/ml PBS) was opsonized with 1 vol human fresh 
serum for 30 min at 37°C. Phagocytosis of hemozoin was 
initiated by adding 23 mg hemozoin protein corresponding 
to 6 ixmol hemozoin heme to 10 7 suspended monocytes. 
The suspension was centrifuged at 150 X g for 5 s at room 
temperature to accelerate hemozoin sedimentation a d con- 
tact to monocytes. Monocytes were resuspended and kept 
in a humidified incubator in a 5% CO2/95% air atmo- 
sphere at 37°C. 
2.4. Measurement of oxidative burst 
Oxidative burst was quantified in suspended monocytes 
by measuring oxygen radical production after stimulation 
with PMA, monitored as luminol-dependent luminescence 
[2]. At indicated times, 105 suspended monocytes were 
pipetted into a lumimeter (Magic Lite Analyzer, Ciba 
Coming) cuvette containing 1 ml Krebs-Ringer phosphate 
buffer supplemented with 5 mM glucose, 1 mM CaC12 and 
10 ~M luminol. After measuring basal luminescence ox- 
idative burst was elicited by 100 nM PMA. Luminescence 
was recorded every 30 s at room temperature. 
2.5. Lysis of monocvtes and separation of c~,tosolic and 
membrane fraction 
2.2. Preparation of suspended human monocytes 
Human lympho-monocytes were separated by Ficoll 
centrifugation as indicated [2] from freshly collected buffy 
coats discarded from blood donations of healthy adult 
donors of both sexes. Separated cells were washed once in 
PBS supplemented with 10 mM glucose (PBS-G) and 
resuspended in isotonic 100% (v/v)  Percoll at 2.5-5.0. 
107 cells/ml. Osmolarity of Percoll was adjusted by adding 
10% (v/v)  of 10-fold concentrated PBS supplemented 
with 200 mM Hepes, pH 7.2.2 ml of the resuspended cells 
were layered under a preformed discontinuous density 
gradient consisting of 2-ml fractions of 65%, 55%, 45%, 
and 35% (v/v)  isotonic Percoll brought o final concentra- 
tion with PBS. After centrifugation at700 X g for 20 min 
at room temperature, cells collected at the interphase at 
35%/45% Percoll were washed twice in PBS-G supple- 
mented with 20 mM Hepes, pH 7.2. Packed cells were 
resuspended at 2.106 cells/ml in lukewarm RPMI 1640 
supplemented with 50 mM Hepes, pH 7.4, and kept in 50 
ml polypropylene c ll culture tubes in a humidified incuba- 
tor in a 5% CO2/95% air atmosphere at 37°C. Gas 
At indicated times after starting phagocytosis, hemo- 
zoin-fed and control monocytes were sedimented by cen- 
trifugation at 400 X g for 10 rain at room temperature. The 
supernatant was removed and 1-3 × 107 monocytes were 
resuspended in 500 ILl cell lysis buffer (50 mM Hepes 
supplemented with 60 mM KCI, 1.8 mM NaCI, 2.3 mM 
MgC12, 6% saccharose, 0.1 mM leupeptin, 5 IxM pep- 
statin, 0.11 U/ml  aprotinin and 1 mM PMSF, pH 7.2) and 
sonicated twice for 5 s at 100 W on ice. An aliquot of 
whole lysate was removed for measurement of total NOX 
activity. The remaining whole lysate was fractionated by 
centrifugation at45 000 × g for 30 min at 4°C. The super- 
natant ('cytosolic fraction') was collected by careful aspi- 
ration. The plasma membrane pellet was resuspended in 50 
ixl lysis buffer ('membrane fraction'). 
2.6. Measurement of NOX activi~ in whole or reconsti- 
tuted lysate 
NOX activity in whole or reconstituted lysate was 
determined as the initial rate of SOD-inhibitable ferricy- 
tochrome c reduction as described [14]. Briefly, 50 Ixl 
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whole lysate or 50 pA cytosolic fraction plus 5 pA mem- 
brane fraction corresponding to 1-3 X 106 monocytes, 
were pre-incubated in presence of 100 ~zM SDS for 2 rain 
at room temperature and then transferred to a half-micro 
cuvette containing 0.91 ml assay buffer (65 mM phos- 
phate, 170 mM saccharose, 2 mM NaN 3, 1 mM EGTA, 
100 ~M ferricytochrome c, 10 ~M FAD, pH 7.2). The 
reference cuvette contained additionally 300 U/ml  SOD. 
The reaction was started by adding 0.2 mM NADPH to 
both sample and reference cuvette. The rate of ferricy- 
tochrome c reduction was calculated from the initial in- 
crease in OD at 550 rim. 
2.7. PMA- and FMLP-induced association of NOX actit:i~.' 
to isolated membranes of hemozoin-fed and control mono- 
cytes 
Suspended monocytes were incubated with or without 
hemozoin in a humidified incubator in a 5% CO2/95% air 
atmosphere at 37°C. 12 h after starting phagocytosis, the 
resuspended monocytes were divided and either 100 nM 
PMA or 100 nM FMLP or nothing were added to each 
aliquot. Cells were incubated for 60 s at 37°C before 
preparation of the membrane fraction (see Section 2.5). 
NOX was assayed in the membrane fraction after activa- 
tion by SDS as outlined before. 
2.8. PMA-induced phosphoo,lation of the 47 kDa band in 
the cytosolic and membrane fraction of hemozoin-fed and 
control monocvtes incubated with [ 32p]orthophosphate 
2.9. In L, itro phosphoD'lation of the 47 kDa band b~' 
endogenous PKC or by purified PKC in the cv'tosolic 
fraction of hemozoin-fed and control monocytes incubated 
with [y- 3:p]A TP 
Suspended human monocytes were incubated with or 
without hemozoin in a humidified incubator in a 5% 
CO2/95% air atmosphere at 37°C. Six, 12 or 24 h after 
starting phagocytosis, hemozoin-fed and control mono- 
cytes were sedimented by centrifugation at 400 × g for 10 
min at room temperature. The cytosolic fraction of approx. 
5 -10 6 hemozoin-fed or control monocytes was prepared 
as described before. Lysis buffer did not contain phos- 
phatase inhibitors and was supplemented with 5 mM [3- 
mercaptoethanol. The cytosolic fraction was incubated with 
200 ~Ci/p~mol [",/- 32 p]ATP and 250 o~M Mg-ATP in 
presence or absence of the PKC activators CaC12 (1 raM), 
phosphatidylserine (100 p~g/ml) and PMA (500 nM), or 
the PKC inhibitor calphostin (500 nM) for 6 rain at 37°C. 
In phosphorylation experiments with purified PKC, 0.5 
mU of purified PKC from rat brain (EC 2.7.1.37), PKC 
activators (see above) and 0.25% (w/v)  BSA were added 
to the cytosolic fraction incubated with [~/-32p]ATP and 
250 ~tM Mg-ATP as described above. The incubation was 
stopped by transferring the vials on ice and adding phos- 
phatase inhibitors (10 mM NaF and 10 mM pyrophos- 
phate). After removal of aliquots for protein assay, pro- 
teins were solubilized under reducing conditions and sepa- 
rated on 10% SDS-PAGE. Phosphorylation of labeled 
protein bands was visualized by autoradiography. 
Suspended monocytes were incubated with or without 
hemozoin in a humidified incubator in a 5% CO2/95% air 
atmosphere at 37°C. 12 h after starting phagocytosis, 
hemozoin-fed and control monocytes were sedimented by 
centrifugation at 400 × g for 10 min at room temperature. 
Sedimented monocytes were resuspended at 107 cells/ml 
in ISCOVE-MEM medium and incubated with 50 ~Ci /ml  
carrier-free [32p]orthophosphate for 90 min at 37°C. After 
diluting the radioactivity by adding 20 vol ISCOVE-MEM 
medium at 37°C, hemozoin-fed and control samples were 
stimulated or not with 100 nM PMA for 60 s. Thereafter, 
the samples (hemozoin-fed cells _+ PMA; control cells _+ 
PMA) were centrifuged at 1500 × g for 5 min at room 
temperature, the supernatant discarded and the sedimented 
cells were lysed as described above. The lysis buffer (see 
above) was supplemented with a mixture of phosphatase 
inhibitors containing 10 mM Na304V, 10 mM Mg-ATP, 
10 mM NaF, 10 mM pyrophosphate. The membrane frac- 
tion was sedimented by centrifugation at45 000 × g for 30 
min at 4°C and washed once with ice-cold lysis buffer. 
Membrane and cytosolic fractions were solubilized under 
reducing conditions. After removal of aliquots for protein 
assay, proteins were separated on a 10-15% gradient in 
SDS-PAGE. Phosphorylation of labeled protein bands was 
visualized by autoradiography. 
2.10. Statistical treatment of data 
The two curves showing hemozoin-elicited inhibition of 
oxidative burst and SDS-stimulated NOX activity were 
compared by linear regression analysis. The regression 
model used log-transformed values weighed for variance 
and constrained the two groups to 100% o1" decay at time 0 
[]5]. 
3. Results 
3.1, SDS-activated NOX activiO, and PMA-induced oxida- 
tit~e burst in hemozoin-fed monocytes 
In hemozoin-fed monocytes, SDS-activated NOX activ- 
ity measured in whole cell lysates dropped abruptly by 
54% after 2 h and remained roughly constant until 12 h 
after hemozoin phagocytosis compared to time-matched 
resting control cells (for brevity in the following: control 
cells). PMA-induced oxidative burst declined sharply by 
46% within 2 h and more slowly afterwards, reaching 40% 
and 25% of control values 6 h and 12 h after hemozoin 
phagocytosis (Fig. 1). Linear regression analysis with log- 
transformed values indicated that the decay of NOX activ- 
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ity and the decay of oxidative burst in hemozoin-fed 
monocytes were significantly different ( t= 3.302, two- 
tailed P = 0.0108). If comparison was limited to the 2-h 
values, the difference was barely significant (two-tailed 
P = 0.0502). In control cells, both NOX activity and ox- 
idative burst (NOX activity at time 0 :0 .95  + 0.4 nmol 
reduced cytochrome c /min  per l06 cells, n = 5; oxidative 
burst at 2.5 min after PMA addition: 1.02 +__ 0.2 × 106 
cps/105 cells, n = 5) remained constant during the 12-h 
incubation period. 
Membranes i olated from control or from hemozoin-fed 
monocytes howed no or very low NOX activity. Combi- 
nation of control membranes with control cytosol resulted 
in reconstituted NOX activity amounting to 80% of activ- 
ity measured in control whole cell lysate. Cross-combina- 
tion experiments performed 2 h after starting hemozoin 
phagocytosis resulted in the following NOX activities, 
expressed as percent activity of reconstituted control ysate: 
membranes and cytosol both from hemozoin-fed cells gave 
19 + 8% (n = 6); membranes from hemozoin-fed cells and 
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Fig. 1. SDS-activated NOX activity and PMA-induced oxidative burst in 
hemozoin-fed and control monocytes. Suspended monocytes were incu- 
bated with or without opsonized hemozoin a humidified incubator at
37°C (for details, see Section 2.3). SDS-activated NOX activity (0) and 
PMA-induced oxidative burst (O) were assayed atindicated times after 
starting hemozoin phagocytosis. SDS-activated NOX activity was mea- 
sured in whole lysates from hemozoin-fed and control cells and expressed 
as percent activity of time-matched control cells (for details, see Section 
2.5 and Section 2.6). Oxidative burst was monitored in hemozoin-fed and 
time-matched control cells after stimulation with 100 nM PMA and 
expressed aspercent luminol-dependent luminescence of control cells (for 
details, see Section 2.4). Mean values +__ SD from 2-5 experiments. Decay 
of NOX activity and of oxidative burst in hemozoin-fed monocytes were 
significantly different (linear egression analysis with log-transformed 
values: t= 3.302, two-tailed P = 0.0108). 
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Fig. 2. Impairment of cytosolic NOX subunit(s) inhemozoin-fed mono- 
cytes. Suspended monocytes were incubated with or without opsonized 
hemozoin a humidified incubator at37°C (for details, see Section 2.3). 
2 h after starting hemozoin phagocytosis, hemozoin-fed and control ceils 
were lysed in presence of protease inhibitors. Separated cytosolic and 
membrane fraction were combined as indicated. Reconstituted SDS- 
activated NOX activity is expressed aspercent activity of reconstituted 
control ysate (for details, see Section 2.5 and Section 2.6). Mean 
values + SD from 5 experiments. Abbreviations: CM, control membrane 
fraction; CC, control cytosolic fraction; HM, membrane fraction from 
hemozoin-fed monocytes; HC, cytosolic fraction from hemozoin-fed 
monocytes. 
control cytosol gave 65 + 16% (n = 6); membranes from 
control cells and cytosol from hemozoin-fed cells gave 
22_  10% (n = 6) activity of reconstituted control lysate 
(Fig. 2). Similar results were obtained with the same 
combination of fractions isolated at longer timepoints after 
hemozoin phagocytosis (not shown). Addition of isolated 
hemozoin to whole lysate from control monocytes for 30 
min at pH 7.2 and 37°C did not modify NOX activity (not 
shown). These data indicate that the decreased NOX activ- 
ity in hemozoin-fed monocytes originates from alterations 
to cytosolic subunit(s). 
3.2. Phosphorylation of the 47 kDa band in hemozoin-fed 
monocytes 
The inhibition of NOX activity described in the previ- 
ous section may result from direct, phosphorylation- 
independent damage to cytosolic NOX subunit(s), or from 
defective phosphorylation f the 47 kDa band as a conse- 
quence of hemozoin-mediated PKC impairment. To ascer- 
tain between those alternatives, phosphorylation of NOX 
subunits was studied after metabolic labeling of intact 
monocytes with [32p]orthophosphate. 12 h after hemozoin 
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Fig. 3. PMA-induced phosphorylation f the 47 kDa band in the membrane and cytosolic fraction of hemozoin-fed and control monocytes. Suspended 
monocytes were incubated with or without hemozoin in a humidified incubator at 37°C (for details, see Section 2.3). 12 (panel A, membrane fraction; 
panel B, cytosolic fraction) or 24 h (panel C, cytosolic fraction) after starting hemozoin phagocytosis, hemozoin-fed and control cells were supplemented 
with [32P]orthophosphate nd incubated for 90 min before adding or not PMA (100 nM). After 6 min at 37°C, proteins of membrane and cytosolic 
fractions were separated on 10-15% SDS-PAGE. Phosphorylation f labeled proteins was visualized by autoradiography (for details, see Section 2.8). 
Abbreviations: H, hemozoin-fed monocytes; C, control monocytes, 
phagocytos is  and 90 rain after incubat ion of  intact mono-  
cytes with [32p]orthophosphate,  he 47 kDa band was not 
phosphory lated in the membrane fract ion (Fig. 3, panel  A)  
but was phosphory lated in the cytosol ic fract ion (Fig. 3, 
panel  B)  in PMA-s t imu la ted  hemozo in - fed  cells. 24 h after 
hemozo in  phagocytosis ,  the cytosol ic 47 kDa band was not 
phosphory lated in PMA-s t imu la ted  hemozo in - fed  cells 
(Fig. 3, panel  C). 12 and 24 h after hemozo in  phago-  
cytosis, the 47 kDa band was phosphory lated in the mem-  
brane fract ion (Fig. 3, panel  A)  and in the cytosol ic 
fract ion (Fig. 3, panel  B and C) of  PMA-s t imu la ted  control  
cells. In absence of  PMA st imulat ion, no phosphory lat ion  
of  the 47 kDa band was evident at any t ime in membrane 
or cytosol fract ion of  hemozo in - fed  or control  cells (Fig. 3, 
panel  A,B,C).  
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Fig. 4. In vitro phosphorylation f the 47 kDa band by endogenous PKC 
in the cytosolic fraction of hemozoin-fed and control monocytes. Sus- 
pended monocytes were incubated with or without hemozoin in a humidi- 
fied incubator at 37°C (for details, see Section 2.3). 12 h after starting 
hemozoin phagocytosis, the separated cytosolic fraction of hemozoin-fed 
or control cells was supplemented with [~/-32p]ATP and incubated with 
or without PKC activators (for details, see Section 2.9). After 6 min at 
37°C, proteins were separated on 10% SDS-PAGE. Phosphorylation f 
labeled proteins was visualized by autoradiography (for details, see 
Section 2.8 and Section 2.9). Abbreviations: H, hemozoin-fed monocytes; 
C, control monocytes. 
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Fig. 5. In vitro phosphorylation f the 47 kDa band by endogenous PKC 
in the cytosolic fraction of hemozoin-fed and control monocytes. Sus- 
pended monocytes were incubated with or without hemozoin in a humidi- 
fied incubator at 37°C (for details, see Section 2.3). 24 h after starting 
hemozoin phagocytosis, the separated cytosolic fraction of control cells 
(lanes 1-3) or hemozoin-fed (lanes 4-6) was supplemented with [~/- 
32 P]ATP and incubated with or without PKC activators or calphostin (500 
nM) (for details, see Section 2.9). After 6 min at 37°C, proteins were 
separated on 10% SDS-PAGE. Phosphorylation f labeled proteins was 
visualized by autoradiography (for details, see Section 2.8 and Section 
2.9). Abbreviations: H, hemozoin-fed monocytes; C, control monocytes. 
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In a second series of experiments, endogenous PKC-de- 
pendent phosphorylation of the 47 kDa band by [~/- 
32 P]ATP was studied. As shown in Fig. 4, addition of PKC 
activators to cytosolic fractions prepared 12 h after hemo- 
zoin phagocytosis induced strong phosphorylation of the 
47 kDa band in both hemozoin-fed and control monocytes. 
24 h after hemozoin phagocytosis, phosphorylation of the 
47 kDa band was severely diminished in hemozoin-fed 
cells (Fig. 5, lanes 4-6), and inhibited by approx 50% by 
the PKC inhibitor calphostin in control cells (Fig. 5, lane 
3). The phosphorylation behavior of the 47 kDa band was 
in agreement with the previously observed behavior of 
cytosolic PKC, which was intact 12 h, but drastically 
diminished 24 h after hemozoin phagocytosis [13]. 
3.3. Phosphorylation of the cytosolic 47 kDa band by 
purified PKC and [y-32p]ATP 
24 h after hemozoin phagocytosis, phosphorylation of 
the 47 kDa band induced by stimulation of PKC was 
defective in the cytosolic fraction of hemozoin-fed mono- 
cytes (Fig. 6, lane 2) but was intact in the same fraction of 
control cells (Fig. 6, lane 5). The phosphorylation defect 
I 2 3 4 5 6 
47  kDb,  
H H H C C C 
PKC 
ACT IVATORS - + + - + + 
PKC - - ÷ - - + 
Fig. 6. Inhibition of in vitro phosphorylation of the 47 kDa band by 
endogenous PKC or by purified PKC in the cytosolic fraction of hemo- 
zoin-fed and control monocytes. Suspended monocytes were incubated 
with or without hemozoin i a humidified incubator at37°C (for details, 
see Section 2.3). 24 h after starting hemozoin phagocytosis, the separated 
cytosolic fraction of hemozoin-fed and control cells was supplemented 
with 0.25% (w/v) BSA and ["~-32p]ATP, and incubated with or without 
PKC activators and purified PKC from rat brain (EC 2.7.1.37). After 6 
min at 37°C, proteins were separated on 10% SDS-PAGE. Phosphoryla- 
tion of labeled proteins was visualized by autoradiography (for details, 
see Section 2.8 and Section 2.9). Abbreviations: H, hemozoin-fed mono- 
cytes; C, control monocytes. 
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Table 1 
Inhibition of PMA- and FMLP-induced association of NOX activity to 
membranes isolated from hemozoin-fed monocytes 
Control Hemozoin-fed 
Basal activity 0.879 0.786 
+ 100 nM PMA 9.342 2.266 
+ 100 nM FMLP 4.770 1.582 
Suspended monocytes were incubated with or without hemozoin in a 
humidified incubator at 37°C (for details, see Section 2.3). 12 h after 
starting hemozoin phagocytosis, monocytes were stimulated with 100 nM 
PMA or 100 nM FMLP (for details, see Section 2.7). Membrane fraction 
was prepared before (basal activity) or after stimulation. SDS-stimulated 
NOX activity was measured in the membrane fraction, as initial rate of 
SOD-inhibitable f rricytochrome c reduction (for details, see Section 2.5 
and Section 2.6). NOX activity is expressed as nmol reduced ferricy- 
tochrome c/min per 106 cells. Data from one experiment out of 2 with 
similar results. 
was apparently due to decay of endogenous PKC and did 
not depend on alteration in phosphorylation sites. Indeed 
purified PKC added to the cytosolic fraction of both 
hemozoin-fed or control monocytes phosphorylated the 47 
kDa band to the same extent (Fig. 6, lane 3 and lane 6). 
Hemozoin phagocytosis per se did not elicit any change in 
basis phosphorylation of 47 kDa band in PKC-unstimu- 
lated cells compared to controls (Fig. 6, lane 1 and lane 4). 
3.4. PMA- and FMLP-induced association of NOX activi~ 
to membranes i olated from hemozoin-fed monocytes 
Experiments hown in previous sections showed that 
until 12 h after hemozoin phagocytosis impairment of 
SDS-activated NOX activity was due to damage appar- 
ently localized to cytosolic subunit(s) and that endoge- 
nous-PKC dependent phosphorylation of the cytosolic 47 
kDa band was largely preserved. To ascertain whether the 
correctly phosphorylated cytosolic 47 kDa band was as- 
sembled to produce active NOX in the membrane, mono- 
cytes were stimulated by PMA or FMLP 12 h after hemo- 
zoin phagocytosis, and SDS-activated NOX activity mea- 
sured in isolated membranes. As shown in Table 1 mem- 
brane-localized NOX activity was reduced to 25% and 
30% of control in PMA- or FMLP-stimulated hemozoin-fed 
monocytes, respectively, indicating that translocation (or 
assembly) of active NOX was defective in hemozoin-fed 
monocytes. 
4. Discussion 
Intact NOX and PKC are essential for generation of 
oxidative burst. Activated NOX is the direct source of 
superoxide radicals which constitute the burst, whereas 
PKC is instrumental in NOX assembly and activation [ 16]. 
Indeed, PMA, a specific activator of PKC, induced multi- 
ple phosphorylation of the NOX subunit p47-phox [11], its 
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translocation to the membrane and enhancement of oxida- 
tive burst [7-9]. Furthermore, PKC inhibitors were effi- 
cient blockers of burst generation and of p47-phox phos- 
phorylation [17]. On the other hand, maximal NOX activ- 
ity can be elicited without subunit phosphorylation by SDS 
or other amphiphiles upplemented to whole cells lysate, 
or to reconstituted membrane and cytosolic fractions [12]. 
Present studies on NOX activity were undertaken be- 
cause previous studies had shown impairment of both 
oxidative burst and PKC in hemozoin-fed monocytes [2,13]. 
We show here that SDS-activated NOX activity was pro- 
foundly impaired already 2 h after hemozoin phagocytosis. 
Reconstitution experiments performed by combining cy- 
tosol and membrane fraction in presence of SDS localized 
impairment to cytosolic NOX subunit(s). Impairment of 
NOX activity could not be reproduced by adding isolated 
hemozoin to control monocyte lysates, indicating the ne- 
cessity of metabolic interaction of hemozoin with the 
phagocytosing cell. 
Until 12 h after hemozoin phagocytosis, labeling exper- 
iments with [3~ P]phosphate and [3,- 3~_ P]ATP showed intact 
phosphorylation f the cytosolic 47 kDa band by endoge- 
nous PKC but impaired phosphorylation f the same pro- 
tein band on the membrane. Decrease of membrane-associ- 
ated, SDS-activated NOX activity was observed in intact 
cells not only after stimulation with PMA, which enhances 
NOX activity solely via PKC-dependent phosphorylation 
of the 47 kDa band [7-9], but also after stimulation with 
FMLP, which operates via PKC-dependent and PKC-inde- 
pendent mechanisms [17,18]. Thus, a PKC-independent 
damage to cytoplasmic subunit(s) prevented reconstitution 
of a phosphorylated, functionally active NOX on the mem- 
brane. The unspecified amage did not affect PKC-depen- 
dent phosphorylation sites on the 47 kDa band, since 
incubation of cytosol fraction of hemozoin-fed monocytes 
with purified PKC and [~-32p]ATP led to normal 
phosphorylation f the 47 kDa band. 
Decay of SDS-activated NOX activity and decay of 
oxidative burst are different. After a similarly rapid and 
abrupt fall of both parameters, SDS-activated NOX activ- 
ity remained constant, whereas oxidative burst dropped 
further to lower values. Possibly, a progressively increas- 
ing, unspecified impediment to assembly of active NOX 
superimposes on early damage to the cytosolic subunit(s). 
In conclusion, our data indicate that NOX activity is 
precociously and severely inhibited in human monocytes 
after hemozoin phagocytosis. Inhibition observed until 12 
h after hemozoin phagocytosis appears to be due to a 
PKC-independent damage inflicted to cytosolic NOX sub- 
unit(s). Long-term inhibition may additionally depend on 
defective phosphorylation f the cytoplasmic 47 kDa band 
due to PKC impairment. Both mechanisms eem to ac- 
count for the severe and irreversible incapacitation of the 
hemozoin-fed monocytes and add to a series of 
phagocyte-incapacitating mechanisms put into action by 
various intracellular parasites [19]. These data may also 
offer a rationale for the diminished ability to kill bacteria, 
fungi and foreign cells previously observed in hemozoin- 
fed phagocytes [20] and contribute to explain phagocyte- 
centered immunodepression n P. falciparum malaria [21- 
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